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Abstract 
This paper (Part II) reports a comparative study for BS8110 and EC2 of practice and those expressions by 
Batayneh and Neilsen on tests from literature. These have been treated under straight bar anchorages  with 
transverse pressure. 
 
The aim of this study is to evaluate the reliability of the existing equations for bond strength of straight bars by 
applying to the available tests in the literature .The most important parameters were examined in these tests are 
concrete strength, anchorage length, concrete covers, bar diameter and transverse pressure. 
264 tests from the literature have been chosen, which are all for straight bars with transverse pressure. The 
specimens are pull-out specimens with small concrete covers, beams ends and slabs. 
For both comparative studies in Part I and Part II, the conclusions and recommendations are presented  here 
together. 
 
I.  Introduction 
The bond of contemporary ribbed bars relies on 
the bearing of the ribs on the surrounding concrete. 
This bearing produces outward radial forces and, for 
normal  ratios  of  cover  to  bar  size,  bond  failure 
involves splitting of the concrete cover. It has often 
been found that at failure small wedges of concrete 
remain locked in position ahead of the ribs. As the 
thickness  of  cover  increases  the  failure  surface 
around  the  bar  changes  and  becomes  a  continuous 
cylinder  with  a  diameter  equal  to  that  of  the  ribs. 
Splitting  failure  remains  possible  as  the  actions  on 
this failure surface are shear and radial compression 
with  the  latter  requiring  tension  in  the  cover. 
Eventually,  for  very  large  covers,  bars  may  be 
extracted, without splitting the cover. 
 
It is clear  from the above  that bond resistance 
should be expected to be influenced by the thickness 
of the concrete cover to a bar. It is also reasonable to 
expect  influences  from  transverse  reinforcement 
crossing the surface at which failure occurs and from 
transverse pressure acting at a support. 
 
In  most  structural  members  the  maximum 
tension  in  the  main  bars  is  reduced  at  a  rate 
controlled by the shear on the member and the shear 
reinforcement  provided,  leaving  only  a  part  of  the 
tension to be absorbed by the end anchorages of the 
bars.  Within  the  end  anchorages  the  rate  of  the 
reduction  of  bar  forces  is  not  externally  controlled 
but  depends  upon  the  relationship  between  bond 
stress and slip (movement of the bar relative to the 
surrounding  concrete).  Slip  is  greatest  at  the  end 
where the bar forces are greatest. At least initially the 
bond stresses are therefore greatest at the same end 
and  decrease  toward  the  free  ends  of  the  bars. 
Splitting can be initiated at the loaded ends and may 
well produce a progressive failure, throughout which 
the  average  bond  stress  is  always  below  the 
maximum bond strength per unit length. 
 
It  can  be  appreciated  from  the  above  that  the 
bond  strength  of  a  particular  bar  is  likely  to  be 
influenced by many factors which include: 
-  the strength of the concrete. 
-  the ratios of covers and bar spacings to the bar 
diameter. 
-  the local properties of the concrete adjacent to 
the bar, which are affected by the position and 
orientation of the bar relative to the direction of 
concreting. 
-  the ratio of the bond length to the bar diameter in 
end anchorage or pull- out situations. 
-  the  details  of  the  transverse  reinforcement 
crossing potential failure surfaces  
-  transverse pressure from reactions 
-  the details of the bar ribs 
-  the size of the bar , given that scale effects often 
arise where concrete is subjected to non-uniform 
tension.   
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2. Basic equations and data: 
Four  of  the  expressions  for  evaluating  anchorage  with  transverse  pressure,  have  been  chosen  to  make 
comparisons with 264 tests from the literature, which are all for straight bars without transverse reinforcement, 
but with transverse pressure. The sources of the data are shown in Table (1) 
 
Table (1) Data of specimens without transverse reinforcement 
Authors 
and test arrangements  No. and Type of tests  c f  
 
2 /mm N  
 / b l  
Batayneh
(3) 
 
77eccentric pull-out and 
5  beam-ends  14.8-36.6  10.0-15.0 
Jensen
(5)   92 beam-ends  15.5-45  8.0-16.0 
Rathkjen
(6)   53 beam-ends  14.1-33.1  8.6-12.0 
Untrauer and Henry
(7) 
  28 pull-out  24.9-47.7  5.3-8.0 
Ghaghei
(8)   5 beam-ends  32.8-35.7  4.0-8.0 
Regan
(9)  4 slabs  35.2-41.7  7.5 
 
Fig.(1) shows histograms of the some of variables in these specimens: 
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Fig.(1) Histograms of numbers of results and some main variables 
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The  equations  considered  are  those  of  BS8110
(1),  EC2
(2),  Batayneh
(3)  and  Nielsen
(4).  The  last  three  make 
allowance  for  the  effect  of  transverse  pressure.  BS8110  does  not  and  is  included  only  to  show  the  results 
obtained with such a very simple expression. 
These equations are as follow: 
1-BS 8110
(1)              :                 ck bk f f 78 . 0                             ...….……………(1) 
2-EC2
(2)              :                            
3 / 2
5 2
4725 . 0
ck bk f f
 
                           ………..….……(2) 
 
     / 15 . 0 1 2    d c  for straight bars and is limited to  7 . 0   and  0 . 1   
  2 / , , min s c c c s b d  , p 04 . 0 1 5      and is limited to  7 . 0   and  0 . 1  . The product of  2  and  5   
is limited to  7 . 0   and  0 . 1  , p = transverse pressure 
2 /mm N , 2   is not in the eqn.3.10 because the tests 
reviewed do not involve any bars with, mm 32    . 
 
3-Batayneh
(3) : 








  


 


 
3 2
3 / 2 97 . 0 1 6 . 0 1 215 . 0
c
c bu
f
p c
f f

 
3 2 86 . 0 c f                  …….. ……..(3) 
where      2 / , , min s c c c s b d   
 
4-Nielsen
(4): 
For local mechanisms of type 1a  





  
c c
bu
f
p
C
b
B
f
f

  45 . 0 12 . 0        ………….(4) 
For local mechanisms of type 2  





  
c c
bu
f
p
C
b
B
f
f

  24 . 0 28 . 0           .…..…….(5) 
Local mechanisms of type 2 generally dominate if  p is significant. 
 
In equations (4) and (5) 
 
For rotation about an axis on the side face 
 
2
cos
/
sin
/
/
sin
2
 





  


 








 y x
x
B                                                      …..…………(6) 
 

 
     tan 1 sin
x
y
C                                                                           ….…………(7) 
 
For rotation about an axis on the bottom face 
 
2
cos
/
sin
/
/
cos
2
 





  


 








 y x
y
B                                                     …..…………(8) 






    tan cos
y
x
C                                                                           …..…………(9) 
For low transverse pressures 
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 
3 / 1
/ 8 . 2 2
/
tan 







x y
y x
                                                         ……………(10) 
With rotation about an axis on the bottom face 
 
 
3 / 1
/
/ 8 . 2 2
tan 




 

x y
y x
                                                         ...…………(11) 
For high transverse pressures 
c f p b
x
/ .
sin

                                                                      ……………(12) 
where : 
v  is an empirical effectiveness factor =  0 . 1 / 8 . 1  c f , =  
5 . 0 / / 61 . 0 b c l f   
b  is the width of a rectangular section,x  and  y  are side and bottom concrete covers respectively measured to 
bar centres,  is an angle between a yield line and a beam face and p  is a transverse pressure. 
Nielsen‟s equations have been applied only to beam-end specimens , for which they were derived . 
 
BS8110‟s  predictions  of  characteristic  bond  strength  are  greatly  on  the  conservative  side,  with  a  mean 
8110 , , / BS bk test bu f f =2.56 and a c.o.v. of 0.22. This is the result of the code‟s ignoring the influences of   / c  
and   / b l  as well as the transverse pressure, against which  8110 , , / BS bk test bu f f  is plotted in Fig.(2). 
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Fig .(2) Relatio nships bet w een   8110 , , / BS bk test bu f f  and  c u f p /  
 
For EC2, Fig.(3) shows the relationship between  2 , , / EC bk test bu f f  and c u f p / ,from which it can be seen that 
the code generally underestimates bond strength. The mean of  2 , , / EC bk test bu f f  is 1.89 and the coefficient of 
variation is 0.18. 
 
As EC2 does not allow for any influence from   / b l , it could be thought that a cause of the rather large scatter 
of strength ratios is the neglect of   / b l . However Fig.8 (in part I) differentiates between results for different 
bond lengths and this does not appear to be a major factor, the values of  2 , , / EC bk test bu f f  are generally lowest 
for  16 15 /    b l  
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Fig(3)  Relationships between   2 , , / EC bk test bu f f  and  c u f p /  
 
Since there is no significant trend as a function of  c u f p / alone, EC2‟s conservatism could be the result of 
the lower limit of 0.7 on the product 5 2  . The solution could perhaps be the removal of the lower limits on 
5 2,  or  5 2  .From  Fig.(4),  both  the  removal  of  all  the  limits  and  the  removal  of  5    alone  produce 
situations  where    2 , , / EC bk test bu f f decreases  c u f p /   as  increases.  The  most  promising  variant  looks  to 
be 7 . 0 2     and  7 . 0 5     but  no  limit  on  their  product.  No  limit  of  2    does  not  seem  to  produce  a 
particular trend to error as a function of  c u f p /  but the scatter looks increased.  7 . 0 5 2    does not have 
much effect. Ec2‟s prediction for all and beam-end tests are similar with applying the limits, while for the case 
of removing the lower limits on  5 2,  or  5 2   the predictions for beam-end  specimens are much better than 
those  for  all  data  and  slightly  better  than  EC2  „s  prediction  when  applying  the  lower  limits.  Summary  of 
statistical analyses considering with and without limits on  5 2,   and   5 2   is shown in Table.3.3. 
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a)       No limit on  5 2,   but  7 . 0 5 2     
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b)     No limit on  5 2,  and  5 2   
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c )   7 . 0 2    and  7 . 0 5    No limit on  5 2   
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d)   No limit on 5   
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e)  No limit on 2   
Fig(4)  Relationships between   2 , , / EC bk test bu f f  and  c u f p /  
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Table(2) Summary of statistical analyses of 
test bu f , / calc bu f ,  for EC2, 
considering with and without limits on  5 2,   and   5 2   
Statistical Values 
. 
No 
limit 
on 
2   
No 
limit 
on 
5   
No limit 
on  5 2   
7 . 0 2  
 and 
7 . 0 5  
 
No limit 
on  5 2   
and 
5 2,   
Limit on 
7 . 0 5 2     
and 
5 2,   
(EC2) 
 
All data 
Average  1.76  1.65  1.77  1.65  1.89 
STD  0.35  0.41  0.34  0.42  0.33 
C.O.V  0.20  0.25  0.19  0.25  0.18 
Beam-end 
specimens 
Average  1.90  1.86  1.91  1.86  1.93 
STD  0.32  0.30  0.31  0.31  0.33 
C.O.V  0.17  0.16  0.16  0.16  0.17 
 
Fig.(5) shows the relationships between  Bat bu test bu f f , , /  and  c u f p /  for Batayneh‟s equation (3). Neither of 
these equations allows for any influence of   / b l  and, as for EC2, the results for   / b l =15 to 16 plot lower 
than those for shorter bond lengths. 
The predictions by both equations are on the safe side throughout and the scatter of  calc bu test bu f f , , /  is less than 
for the data including the pull-out tests by Batayneh and Untrauer and Henry. 
 
0
1
2
3
0 1 2 3 4
c u f p /
16 15 /
12 /
10 /
6 . 8 5 . 7 /
3 . 5 4 /
 


 
 





b
b
b
b
b
l
l
l
l
l
1
0
.
3
,
,
/
B
a
t
b
u
t
e
s
t
b
u
f
f
 
Fig (5)  Relatio nships bet w een     10 . 3 , , / Bat bu test bu f f and   c u f p /  
“for all results” for Batayneh's eq.3 
 
Fig.(6) shows the relationships between  Bat bu test bu f f , , /  and  c u f p /  for beam-end specimens for Batayneh's 
equation (3). The predictions by this equation are on the safe side throughout and the scatter of  Bat bu test bu f f , , /  
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Fig.(6)  Relationships between   10 . 3 , , / Bat bu test bu f f  and   c u f p /  
“for beam- ends” for Batayneh's eq.4 
Nielsen‟s predictions have been  compared with the  results for the  beam end tests  alone.  Fig.(7) shows  the 
relationships between  N bu test bu f f , , /  and c u f p / . For tests with   / b l =4.0 the predictions by this approach 
are very good. The results below unity are predominantly for 6 . 8 / 5 . 7    b l , with all but one of the really 
low  results  coming  from  Jensen‟s  tests  with 8 /   b l .  This  suggests  that  the  effect  of   / b l   in  short 
anchorages may be overestimated by Nielsen. 
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Fig(7)  Relationships between   N bu test bu f f , ., /  and c u f p /  
for all beam-end specimens 
 
Fig.(8) shows Rathkjen‟s specimens only. For specimens with three bars in the section, it was considered likely 
that corner failures governed, and all three bars have been assumed to develop the resistances calculated for 
corner failures. 
 
For Rathkjen‟s tests, the correlation obtained is better for specimens with 2 or 3 bars than for those with single 
bars. Nielsen explained this as being due to the equations having been developed for corner bars and not for 
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Fig(8)  Relationships between   N bu test bu f f , ., /  and 
c u f p /  for beam-end specimens by Rathkjen 
 
A  comparison  of  the  averages,  standard  deviations  and  coefficients  of  variation  of 
test bu f , / calc bu f ,   for the 
different methods is given in table (3). BS8110‟s equation is very much on conservative side. The predictions by 
EC2 after  the removal  of the  limit  7 . 0 5 2     are  similar  to  those  with  the  limit.  For  beam -end  results 
.Batayneh‟s equations  are  on  safer  side  and  best compared  to  others. The  approach  by  Nielsen  gives  good 
predictions but higher c.o.v. than EC2 and Batayneh‟s. 
 
Table(3) Summary of statistical analyses of 
test bu f , / calc bu f ,  
for BS8110, EC2, Batayneh and Nielsen 
Source  Eq.No. 
All tests  Beam-end specimens 
Mean  STD  C.O.V  Mean  STD  C.O.V 
BS8110  3.1  2.56  0.56  0.22  2.47  0.51  0.21 
 
 
EC2 
3.2  1.89  0.33  0.18  1.93  0.33  0.17 
) 1 ( 2 . 3   1.65  0.42  0.25  1.86  0.31  0.16 
) 2 ( 2 . 3   1.76  0.35  0.20  1.90  0.32  0.17 
) 3 ( 2 . 3   1.65  0.41  0.34  1.86  0.30  0.16 
) 4 ( 2 . 3   1.77  0.25  0.19  1.91  0.31  0.16 
Batayneh  3.3  1.39  0.28  0.20  1.53  0.20  0.15 
Nielsen  3.11 or 3.12  -  -  -  1.00  0.19  0.19 
 
 
) 1 ( 2 . 3  Eqn.3.2 is after relaxation from a limit on  5 2,   and  5 2   
 
) 2 ( 2 . 3  Eqn.3.2  is after relaxation from a limit on  2   
 
) 3 ( 2 . 3  Eqn.3.2  is after relaxation from a limit on  5   
 
) 4 ( 2 . 3  Eqn.3.2  is after relaxation from a limit on  5 2   
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The  main  conclusions  for  both  Part  I  and  II  are  withdrawn  together  as  the  influences  from  the  relative 
parameters can be addressed clearly. 
 
For tests without transverse pressure as in Fig.(App. In Part I), the ultimate bond strengths have been compared 
with predictions calculated by BS8110, EC2 and four equations by Darwin et al, Morita and Fujii, Batayneh and 
Nielsen as shown in Figs. 2-9 (in Part I) .Tests with transverse pressure have been studied for the influence of  
the above parameters by applying BS8110, EC2, Batayneh, and Nielsen on them as shown in Figs.2-8( in Part 
II). 
 
The main conclusions drawn from Part I and Part II are as follow: 
 
1- BS 8110 takes account of only the concrete strength and in consequence the ratios of  8110 , , / BS bk test bu f f  very 
greatly and can in some cases be too high for characteristic strengths. 
 
The predictions by BS8110 overestimate characteristic resistances up to 2 /   m c .  For case with 0  p , the 
neglect of the effects of    / m c  and   / b l  causes most of the problems as shown in Figs.2 and 4 (in Part I). 
calc bk test bu f f , , / goes up from 1.44 (Table 1 Part I) when  0  p   to 2.47 or 2.57 when  0  p  (Table 3 Part II). 
The difference is mostly due to the neglect of  p  as an influential parameter and to the results for 0  p  not 
including beams with (  / b l ) as large as those in Ferguson and Thompson‟s tests with 0  p . 
 
2-EC2 takes account of the concrete strength, minimum concrete cover    b d c c min     2 / ,s cs , bar size 
and  transverse pressure , but ignores the influence of   / b l . 
 
EC2 gives unsafe prediction for case with 0  p  as shown in Table (1 Part I) except when (  / b l ) 16 to 20, 
this is because of: i) the neglect of the influence of   / b l  and ii) the underestimation of the influence of  / m c . 
 
The  shift  rule  did  not  show  any  benefit  in  increasing  the  bond  resistance  when  is  appl ied  to  Ferguson  and 
Thompson‟s tests except in the case of large bar diameter. 
 
EC2 seems to be so much safer for the beams with transverse pressure. The mean goes up from 1.15 when 
0  p   to  1.86  or  1.93  when  0  p   and  Fig.2  (Part  II)  shows  very  little  variation  calc bk test bu f f , , / with 
c u f p / .The attempts to relax individual limits on  5 2,  and  5 2   did not produce significant improvement 
in terms of reducing the ratio  calc bk test bu f f , , /  and the problem of low predictions when  0  p  and high bond 
strength  when  0  p  is  in  the  tests  with  0  p  ,   / b l  was  never  as  high  as  in  many  of  the  tests  with   
0  p  
 
According to the conclusions, there are some recommendations needed by the designer using EC2 in practical 
design: 
 
a)  It‟s safe for both  0  p  and  0  p  provided that   / b l  is less than about 16 or 20 except in cases like 
Chamberlin‟s. 
b)  In cases like Chamberlin‟s a reduction of the calculated  bk f is needed and should probably also apply 
to bars with low spacings. It could be provided by a multiplying factor which would be a function 
of s c 2 , 2 / s cs   or s . 
c)  For    / b l 16 or 20 the average bond stress developable probably depends on whether the „ external‟ 
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a uniform shear stress from a web cracked in shear and having shear reinforcements, or whether the bond 
stresses concentrate toward the loaded end as in pull-out situations. In the latter case the design bond stress 
should decrease as   / b l  increases. 
 
3- Morita and Fujii take into account the influence from concrete strength, concrete cover based on the line of 
crack pattern but ignore the influence of  / b l . Their predictions are very scattered. 
 
4-Darwin et al. considers most of the parameters mentioned above except the influence of transverse pressure. 
They consider the influence of concrete cover in a more rational treatment, taking into account the influence of 
other covers in addition to  d c . Their predictions  are the best for  the case with  0  p . 
 
Darwin‟s equation shows generally gives predictions better than those of BS8110, EC2 and Morita and Fujii as 
it takes account of most of the potentially significant parameters. However for very large concrete thickness, 
they are slightly unsafe and a limit on   / m c  may be required. 
 
5-Batayneh considers the main parameters mentioned above except the influence of  / b l . Two of his proposed 
equations are considered as they showed better predictions than the other two. 
 
Batayneh‟s eqn.(5) ( in Part I) for  0  p  gives a mean  calc bu test bu f f , , / of 0.99 and a coefficient of variation of 
0.20. With the effect of transverse pressure added in equation (3) (in Part II) , for beam-end tests the mean is 
1.53  with  a  coefficient  of  variation  of  0.13,  while  for  all  the  tests  the  mean  is  1.39  and  the  coefficient  of 
variation is 0.20. The results for situations with  0  p  and  0  p  are closer to one another than are those from 
BS8110 and EC2. 
 
From Fig.(2) in ( Part I) Batayneh may overestimate the influence of   / m c  and from Fig.(4) ( in Part I) his 
neglect of the influence of (  / b l ) has an effect with 
calc bu test bu f f , , /  reducing as   / b l  increases. 
 
6- Nielsen takes into account all parameters including the influence of transverse pressure. He proposed two sets 
of equations for cases with and without transverse pressure. 
Nielsen‟s predictions are very much on the safe side when 0  p , but not so for 0  p . - For case with  0  p  
the coefficient of variation of 0.19 is lower than EC2‟s. This is probably because the equation takes account 
of  / b l . When  0  p  the coefficient of variation is greater than that for EC2. 
 
The difference between the two sets of results when  0  p  and  0  p   is almost as great as those for the codes. 
Despite giving a high mean for  N bu test bu f f , , /  it has the second lowest c.o.v after Darwin‟s equation because the 
data includes large ratios   / b l . 
 
7-It  was  found  that  the  second  cover  /b ar  spacing  dimension  has  an  influence  on  the  bond  strength  when 
Darwin‟s equation is applied to the tests with similar minimum covers. 
 
8-In  terms  of  overall  performance,  Batayneh  gives  the  best  results,  while,  if  only  0  p   conditions  are 
considered, Darwin is better. 
 
9- The use of  c f  provides more consistent results than using other powers for  c f as shown in Fig.(9)  
    (in Part I) 
 
10-The influence of bar size is less clear but merits some further consideration. 
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